Abstract. Grasslands are one of the major biomes on earth and can serve as important soil carbon sinks. Nutrient enrichment of these grasslands can have a significant impact on carbon losses through the decomposition process. We investigated the effects of long-term (12-yr) experimentally increased N and/or P supply on litter production and on the chemistry and decomposition of bulk litter from two grasslands differing in soil nutrient status.
INTRODUCTION
Decomposition of plant litter is a key process in the nutrient cycles of most terrestrial ecosystems (Van Vuuren et al. 1993 , Vitousek et al. 1994 , Aerts and Chapin 2000 . Moreover, the amount of carbon returned to the atmosphere by decomposition of dead organic matter is an important component of the global carbon budget (Shaver et al. 1992 , Woodwell 1994 ). Litter decomposition rates are controlled by environmental conditions, the chemical composition of the litter, and by soil organisms (Cadisch and Giller 1997) . Within a given climatic region, litter chemistry is the main determinant of litter decomposition (Berg et 1993, Aerts 1997) . Litter decay and nutrient release are controlled by a wide variety of chemical properties of the litter, including the nitrogen (N) concentration of the litter, the carbon to nitrogen (C:N) ratio, phosphorus (P) concentrations or carbon to phosphorus (C:P) ratios, the concentrations of phenolics and the phenolics to N or P ratio and the lignin concentration or the lignin to N ratio (Coulson and Butterfield 1978 , Meentemeyer 1978 , Schlesinger and Hasey 1981 , Melillo et al. 1982 , Berg 1984 , Taylor et al. 1989 , Van Vuuren et al. 1993 , Vitousek et al. 1994 , Aerts and De Caluwe 1997a , Shaw and Harte 2001 .
During the past decades, many ecosystems have been enriched with nutrients such as N as a result of increased atmospheric N deposition (Bobbink et al. 1998) or as a result of direct fertilizer application to agricultural ecosystems, such as grasslands (Oomes et al. 1996) . Besides changes in external nutrient inputs, internal nutrient cycling is also expected to increase due DECOMPOSITION IN GRASSLANDS to global warming. A recent meta-analysis of experimental warming studies has shown that global warming leads to increased N mineralization in a wide variety of ecosystems (Rustad et al. 2001) , thus increasing N availability to decomposer organisms. Due to the chemical controls of litter decomposition it is to be expected that increased nutrient supply will strongly affect decomposition rates. Moreover, nutrient addition may also increase net primary production (NPP) and thus litter production, thereby increasing the amount of substrate available to decomposers. Whether such an increase occurs depends on the type of nutrient limitation of the vegetation under study (Aerts and Chapin 2000) . A complicating factor is that nutrient limitation of decomposition is not predictable from nutrient limitation of NPP (Hobbie and Vitousek 2000) .
Nutrient addition can have direct effects on decomposition rates, but also indirect effects through shifts in the species composition of the vegetation (Wookey et al. 1993 , 1994 , Chapin et al. 1995 and subsequent effects on the chemical composition of the bulk litter (Shaver and Chapin 1991 , Cornelissen 1996 , Hobbie 1996 , Shaw and Harte 2001 . Due to chemical and physical interactions the decomposition rates of plant litter mixtures can strongly differ from those otherwise predicted from the weighted averages of the component species (e.g., Blair et al. 1990 , McTiernan et al. 1997 , Wardle et al. 1997 ). These chemical interactions may be due to reactions of N-rich litter with lignin-rich litter, leading to the formation of very decay-resistant complexes (Berg et al. 1993) . Also litter high in phenolics may interact with N-rich litter by precipitation of proteins prior to protein hydrolysis, which in turn reduces N availability to decomposers and thereby retards decomposition rates (Hättenschwiler and Vitousek 2000) . Thus, potentially stimulating effects of nutrient addition on litter decomposition of individual species may in natural vegetation be masked by interactions with secondary compounds in the litter of other species.
The aim of this study was to investigate how longterm nutrient enrichment with N and/or P affects the production, quality, and decomposition rates of aboveground plant litter in temperate grasslands differing in initial soil nutrient status. Grasslands form one of the major biomes on earth (Swift et al. 1979) , and the carbon stocks in grassland soils may serve as important C sinks (Van Amstel 2000) . We hypothesized that: (1) increased nutrient (N and/or P) supply results in higher aboveground litter production of the vegetation; (2) increased nutrient supply leads to a higher litter quality of the bulk vegetation, irrespective of species-specific responses and/or species shifts; (3) this higher quality of bulk litter results in higher decomposition rates. The ultimate effects of these changes would be that carbon losses through the decomposition process would increase. We conducted our study in the Netherlands in two grassland types that differed strongly in soil nutrient status: a low-productivity riparian grassland with relatively high P availability and a high-productivity peat grassland with a relatively high N status. Parts of these grasslands had been experimentally fertilized with N and/or P for 12 years at the start of our study. Decomposition was studied by incubations of bulk litter of the plant communities in the laboratory under standard conditions to investigate litter quality effects on decomposition, and by a three-year litter bag study in the field with the same bulk litter to investigate the combined effects of site conditions and litter quality under prevailing field conditions.
STUDY SITES
The two study sites were located ϳ35 km from each other in the central part of the Netherlands. Actual evapotranspiration (AET) at both sites was estimated at 628 mm/yr (Aerts 1997) . The riparian grassland site is situated in the Amerongse Bovenpolder, an area of riparian grasslands that are subject to flooding, along the river Nederrijn (51Њ54Ј N, 5Њ37Ј E). Riparian grasslands are rare in the Netherlands. The soil consists of (sandy) clay, with a clay fraction between 25 and 35%. At the study site, inundation occurs approximately once every two or three years. The last inundation before the start of our study in 1996 occurred in the winter of 1993/1994. The vegetation can be classified as an Arrhenateretalia (Westhoff and Den Held 1969, Schaminée et al. 1996) . This grassland is rather species rich (on average 22 species/m 2 ), with many forbs and legumes.The grasslands are mowed once a year, between mid-June and mid-July. After that young cattle graze until mid-October.
The peat grassland is located in the Bethunepolder, an area of peat grasslands and reedlands located northwest of the city of Utrecht (52Њ04Ј N, 5Њ35Ј E). Until 1880 the area was a shallow freshwater lake, but at the end of the 19th century this area was reclaimed and consists now largely of grassland on a peat soil, 2-3 m below sea level. These grasslands are mowed twice a year, in June and in September. In summer, the water table is ϳ20 cm below the soil surface, whereas in winter it rises to soil surface. By definition, the peat soil is highly organic, but there is also a considerable sand/clay fraction that originates from the former lake bottom. The vegetation can be classified as Magnocaricetalia (Westhoff and Den Held 1969) . The vegetation is slightly less diverse than the riparian grasslands with on average 19 species/m 2 , in which gramineous species (especially Carex species) strongly dominate.
In 1985, three permanent blocks were laid out at both sites. Each block at the two sites contained four plots of 2 ϫ 2 m: unfertilized (0), fertilized with N (N), fertilized with P (P) and fertilized with both N and P (N ϩ P), each separated by a buffer zone of 20 cm. From 1985 onwards, N and P are applied in granular form twice a year in the form of NH 4 NO 3 (10 g N·m Ϫ2 ·yr Ϫ1 ) and NaH 2 PO 4 (5 g P·m Ϫ2 ·yr Ϫ1 ), respective-ly. We started our decomposition study in autumn 1996, after 12 years of experimental nutrient additions. These treatments were continued during the study period (1996) (1997) (1998) (1999) ). An earlier study (Aerts et al. 2003) showed that there were conspicuous differences in the nutrient status of the two sites. The peat grassland soil had a lower pH (5.4 Ϯ 0.4 vs. 6.3 Ϯ 0.1, mean Ϯ 1SD, n ϭ 3) and P content (53 Ϯ 8 vs.138 Ϯ 46 g/m 2 ) than the soil of the riparian grassland, but a higher organic matter content (60.6 Ϯ 3.5 vs. 11.7 Ϯ 2.4%), C content (32.0 Ϯ 1.5 vs. 6.1 Ϯ 1.5%), N content (968 Ϯ 53 vs. 506 Ϯ 69 g/m 2 ), and N:P ratio (14.3 Ϯ 0.9 vs. 3.5 Ϯ 0.9). A cotton strip assay showed that tensile strength loss (CTSL) in early summer (April-June) did not differ among sites, but in late summer (August-October) it was 10% higher at the riparian site. Our earlier study further showed that in the riparian grassland, both N fertilization and NϩP fertilization resulted in a reduction of species diversity with a complete disappearance of all the legumes and a strong increase of grasses. In the peat grassland a similar phenomenon occurred and the grasses became even more dominant there. Thus, due to the fertilization treatments with N the vegetation became more grass dominated. There were no effects of P fertilization on species diversity.
METHODS

Species composition of the litter mixtures and potential aboveground litter production
The species composition of the litter mixtures was determined in each replicate plot by making vegetation relevées in mid-July using the refined Braun-Blanquet scale for plant cover. Since the aboveground vegetation in these grasslands dies off completely at the end of the growing season and there is hardly any leaf mortality during the growing season, the aboveground biomass at the end of summer can be considered as a good estimate of the potential aboveground litter production. At the start of plant senescence, vegetation was cut to ground level in a 50 ϫ 50 cm area within each plot to determine potential aboveground litter production. The vegetation samples were stored at Ϫ20ЊC until further analysis. Dry mass of the bulk vegetation was determined by drying the material at least 48 hours at 70ЊC.
Litter sampling
In each plot bulk samples of plant litter that were representative for the total plant community in that plot were collected every 2 wk during the period of plant senescence (October-December). We collected both freshly fallen litter and completely senesced plant material still attached to the plant. Our bulk litter samples consisted of senesced leaves and stems of the species present in the plots and reflected the relative abundance of species. The bulk litter of each plot was clipped in fragments of ϳ5 cm each and dried to constant mass at room temperature. After mixing the samples, subsamples were used for respiration measurements and for the litter bag experiments (see Litter respiration measurements). For each plot, five replicate samples of air-dried material were dried (48 hours, 70ЊC) to determine the ratio between air-dry mass and oven-dry mass. This correction factor was used to express all data on a dry mass basis.
Litter respiration measurements
Respiration rates of the decaying bulk litter were determined under standard laboratory conditions (full details can be found in Aerts and De Caluwe 1997b) . To this end, 0.500 g of air-dried bulk litter of the plant community of each plot was incubated by rewetting the material until saturation with demineralized water. Incubation was performed in 100-mL glass incubation jars. The bottom of these jars was covered with glass marbles and 10 mL of potassium sulphate. The potassium sulphate was added to keep the relative humidity in the jars during incubation at a constant level of 97% at 20ЊC. In this way, drying out of the litter was prevented. The litter was placed on a plastic gauze on top of the marbles in such a way that there was no contact between the potassium sulphate and the litter. All the incubation jars were kept in a dark climate room at 20ЊC and with a constant relative humidity of 97%. Microbial respiration on the litter was measured at approximately weekly intervals during a period of 8 wk, at t ϭ 1, 6, 13, 20, 27, 34, 41, 48 , and 55 days after incubation of the litter. To this end, the glass jars were closed for four hours, and at the end of this period 5 mL of gas samples were taken from the jars through a rubber septum and analyzed for CO 2 on a gas chromatograph (Hewlett Packard 5890A, Hewlett Packard, Pennsylvania, USA) equipped with a thermal conductivity detector. Pilot studies had shown that CO 2 fluxes from the litter were linearly proportional with incubation time for a period up to 24 hours. The measured CO 2 fluxes were corrected for the amount of CO 2 dissolved in the potassium sulphate solution, using Henry's Law adjusted for the appropriate temperature. After the measurements the litter was dried (48 h, 70ЊC) and chemically analyzed (see Chemical analyses). Litter respiration, expressed as cumulative CO 2 evolution from the samples during the total incubation period, was calculated by linear interpolation between sampling dates. In a previous study (Aerts and De Caluwe 1997b) we have shown that cumulative CO 2 evolution of low-lignin litters, such as the present ones (cf . Table  3) , is strongly correlated with mass loss in the field for periods up to three years.
Litter bag study
In the field, litter decomposition rates were determined using the litter bag method. For each plot litter bags were prepared by putting 1.000 g of air-dried bulk litter from that plot in polyethylene litter bags (10 ϫ 10 cm). Since large mesh sizes would have contributed to unacceptably large fragmentation loss rates from grass-dominated litters, we used bags with 0.3-mm mesh. A broad survey of soil fauna in the peat grasslands revealed that there were few soil fauna invertebrates Ͼ0.3 mm (H. Siepel, personal communication), so it is unlikely that the small mesh would have had a large effect on decay rate by preventing access by soil fauna. However, we have no data on the size distribution of soil fauna in the riparian grassland, but had to use similar-sized mesh to prevent grass fragment loss and to compare decomposition rates between the two sites. In February 1997, the litter bags were transferred to the plots from which the litter originated. On each plot 14 litter bags were placed horizontally on the soil surface. At each sampling date, two duplicate litter bags were retrieved from each 2 ϫ 2 m plot and pooled. In this way three replicate samples of each bulk litter type were collected at each site after 0, 1.5, 3, 6, 12, 24, and 36 months. So the experimental design consisted of a factorial combination of two sites, four treatments, seven sampling dates, and three replicates (based on pooled duplicates for each plot), a total of 336 litter bags. In the laboratory, extraneous litter, soil particles, and roots were removed from the litter bags before determining the remaining dry mass of the litter.
Chemical analyses
Nutrient concentrations in the initial bulk litter were determined by standard chemical methods. Total C and N content were determined by dry combustion of ground plant material using an elemental analyzer (Carlo Erba model 1106, Carlo Erba, Milano, Italy). Total N and P concentrations were determined for all litter samples by acid digestion using a salicylic acid thiosulphate modification of the Kjeldahl method (Page et al. 1982 ). Due to a more complete extraction, the N concentrations determined with the elemental analyzer were in general 10% higher than the values determined with the modified Kjeldahl method. For the calculations of the C:N mass ratios of the litter, we used the N concentrations determined with the elemental analyzer. For the other N-related litter chemistry variables we used the Kjeldahl method.
Lignin and soluble phenolics in the initial bulk litter from each plot were determined by sequential extractions. Ground material was extracted twice with 5 mL of 80% methanol at 70ЊC, followed by three extractions with 5 mL of demineralized water at 30ЊC and next by chloroform and methanol in a ratio of 1:1 (volume/ volume) at 30ЊC (three times with 5 mL). Next, the material was extracted with 20 mL of 3% hydrochloric acid for three hours at 125ЊC. The residue was dried at 70ЊC for 48 hours. The soluble phenolics content in the methanol and water phase was determined colorimetrically (Singleton 1988 ), using Folin-Ciocalteu's phenol reagent (SIGMA F-9252) and p-coumaric acid as a standard. The lignin content in the residue was also determined colorimetrically, after treatment with 25% acetyl bromide in acetic acid (Morrison 1972) , again using p-coumaric acid as a standard.
Statistical analysis
The data were statistically analyzed using the General Linear Models procedure for analysis of variance (SPSS 1998) . When variances were proportional to the means the data were logarithmically transformed. Twoway ANOVAs were used to test the main effect of site and nutrient treatment on various soil and litter chemistry and decomposition parameters. For a posteriori testing of nutrient treatment effects within a site we used one-way ANOVAs. Multiple comparisons among pairs of means were made using Tukey's Studentized Range Test.
Litter respiration rates and litter mass loss data were correlated with initial litter quality parameters. Correlations were performed on both untransformed and logarithmically transformed data, and whichever method resulted in the highest percentage of variance explained is reported. The significance of correlation coefficients was determined by Student's t test.
RESULTS
Species composition of the litter mixtures and potential litter production
For brevity we present only the cover percentages of the most abundant species in the plots (cover Ͼ5%). The species composition of the litter mixtures differed clearly between the two sites (Table 1 ). In the controls, the riparian grassland was rather species rich (22 species/m 2 ), with many forbs and legumes. The peat grass- Note: F values are presented for main effects (site and fertilizer treatment) and their interaction, with their levels of significance indicated.
* P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001; † P Ͻ 0.0001.
land had a slightly less diverse vegetation, with 19 species/m 2 , in which gramineous species strongly dominated. In the riparian grassland, N fertilization resulted in a reduction of species diversity with a complete disappearance of all the legumes and a strong increase of grasses. In the peat grassland a similar phenomenon occurred and the grasses there became even more dominant. Thus, due to the fertilization treatments with N the total litter production of the vegetation became more grass dominated.
In the riparian grassland, potential aboveground litter production increased upon enhanced N supply (Fig. 1,  Table 2 ). However, this increase was significant only in the NϩP treatment. In the peat grassland, there was no significant effect of the nutrient treatments on potential aboveground litter production. In the controls and in the P treatments, litter production in the peat grassland was higher than in the riparian grassland (P Ͻ 0.0001). However, due to the strong response of litter production to N fertilization in the riparian grassland and the lack of response in the peat grassland, there was no significant difference in litter production between the N and NϩP treatments between the two sites.
Litter chemistry and litter decomposition
Most of the litter chemistry parameters of the aboveground vegetation showed clear differences between sites. The most conspicuous differences were in the concentrations of phenolics and all the P-related initial litter chemistry parameters (Tables 2 and 3 ). The concentrations of phenolics in the litter from the peat grassland were 2-3 times higher than in the riparian grassland. Litter from the peat grassland had lower P concentrations that gave rise to higher C:P, N:P, phenolics:P, and lignin:P ratios. Litter N concentrations, C:N ratios, Notes: Data are means Ϯ 1 SD (n ϭ 3). Different superscript letters in rows indicate significant differences between treatments (P Ͻ 0.05). Notes: Data are means Ϯ 1 SD (n ϭ 6). There were no treatment effects, but there was a significant site effect (P Ͻ 0.0001).
lignin concentrations, and lignin:N ratios did not differ between the two sites, but the phenolics:N ratio was higher in the peat grassland. The differences in the P status of the litter between the two sites were clearly reflected in the responses of the litters to the experimental treatments. In the peat grassland, P fertilization resulted in strong increases in litter P concentrations and decreases in the C:P ratio, the N:P ratio, the phenolics:P ratio, and the lignin:P ratio of the litter (Tables  2 and 3) . Although this also occurred in the riparian grassland, the response was less clear, as is also indicated by the significant site ϫ treatment interactions (Table 2 ). Litter N concentration and C:N ratio did not change in response to N fertilization at either site. However, in the peat grassland additional N supply resulted in higher lignin concentrations in the litter (Tables 2  and 3 ).
Decomposition of aboveground plant litter was determined in two ways: by short-term laboratory incubations under standard conditions of temperature and moisture and by a three-year litter bag study in the field. Cumulative litter respiration during the laboratory incubation (8 wk) differed significantly between sites, but not between treatments (Tables 2 and 4 ). Cumulative respiration rates of litter from the riparian grassland were ϳ30% higher than those of the peat grassland. Litter respiration rates were negatively correlated with all the phenolics-related litter chemistry parameters and, to a lesser extent, with the initial C:P ratio, the initial N:P ratio, and the lignin:P ratio (Table  5 ). There was a positive correlation with the initial P concentration of the litter. There were no significant correlations with the initial N concentration, the C:N ratio, the lignin concentration, or the lignin:N ratio.
During the first year of the litter bag study, mass loss of the litters at the riparian site were higher than at the peat site (Tables 2 and 6 ). After that period, percentages of remaining mass showed substantial variation and the differences were not significant. At neither site did the experimental nutrient additions have any significant effect on the decomposition rates. Thus, the patterns observed in the litter bag study in the field were in line with the patterns obtained from the laboratory incubations of the litter. As was the case for the laboratory study, percentages of remaining mass were clearly correlated with the phenolics-and P-related litter chemistry parameters (Table 5 ). For the phenolics-related litter chemistry parameters these correlations were very * P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001; † P Ͻ 0.0001. high, especially during the first year of the study. For a period up to two years, the litter P concentration, the C:P ratio, and the N:P ratio showed significant correlations with percentage of remaining mass (with the exception of P concentration and percentage of remaining mass after two years). However, the tightness of the correlations decreased with time. There was no relation between remaining mass and either the N concentration or the C:N ratio, and only a weak relation between remaining litter mass and lignin concentrations and the lignin:N ratio.
DISCUSSION
Methodological considerations
The present experiment was designed as a long-term fertilization experiment in which we expected that spatial variability in soil nutrient, vegetation and decomposition parameters would level off in response to longterm fertilization. Based on that expectation we chose for practical reasons a low replication of our treatments (n ϭ 3). For most of the parameters and variables we determined (litter production, litter chemistry, cotton strip tensile strength loss, litter respiration) coefficients of variation were generally within reasonable limits (Ͻ25%) and in most cases where they were higher the differences between the means were sufficiently high to detect significant differences (e.g., litter P concentration in the riparian grassland). However, for percentage of remaining mass in the field experiment we sometimes found very high variability in the later stages of the experiment. This is, however, often found in the later stages of long-term decomposition studies (cf. Berg 1984) . Therefore, we combined our field study with a laboratory incubation of the litter. Earlier work (Aerts and De Caluwe 1997b) has shown that for lowlignin litters, such as in the present study, litter respiration is a good predictor of mass loss for a period up to three years. In the present litter respiration experiment we found considerably lower variation than in the field experiment (cf. Tables 4 and 6), but the same results (no treatment effects). This leads us to the conclusion that the lack of fertilizer effect that we found is ''real'' and not due to insufficient statistical power.
It should be noticed that in our field decomposition study we investigated the combined effects of the preceding 12 years of fertilization in combination with the fertilization effects that occurred during the three years that this litter bag study lasted. By this design, we could not separate these effects. However, this does not hold for the litter respiration study in which we could investigate the 12-year fertilization effects only.
The results that we found are, of course, only valid for the two grassland communities that we investigated. Further long-term studies are needed to corroborate these results. However, we think that our main points, that litter decomposition is more strongly controlled by initial plant community litter quality than by nutrient additions, and that decomposition studies should not only focus on mass loss per unit litter but also on changes in the amount of litter produced, are generally valid.
Nutrient supply, litter production, and litter chemistry
Our hypothesis that increased N or P supply leads to higher litter production was only partly supported by our results. In the riparian grassland we did observe higher litter production in response to the N-containing treatments (Fig. 1) , whereas there was no response in the peat grassland. The response to N in the riparian grassland was to be expected as the N:P mass ratio of the living plant mass was ϳ6 (Aerts et al. 2003) . This value indicates N-limited plant growth (Aerts and Chapin 2000) . In the high-productivity peat grassland the N:P ratio of the living plant mass was ϳ15 (Aerts et al. 2003) , a value that indicates colimitation of plant growth by both N and P (Aerts and Chapin 2000) . Despite this indicator value there was no response to the nutrient treatments. This was probably due to high nutrient mineralization in this highly organic soil (cf. Verhoeven et al. 1983 ). This, in combination with the high atmospheric N deposition in the Netherlands (Bobbink et al. 1998) , has probably created conditions where light rather than nutrients limits plant growth.
Contrary to our second hypothesis we found that the main differences in litter chemistry occurred between sites and not between nutrient treatments (Tables 2 and  3 ). This suggests that litter chemistry at these sites is relatively insensitive to nutrient inputs. Other studies showed a rather variable response of litter chemistry to nutrient addition. In some studies increased N supply led to increased litter N concentrations (Miller et al. 1976 , Coulson and Butterfield 1978 , Oren et al. 1988 , Hobbie and Vitousek 2000 , although opposite results have also been found (Pastor et al. 1987, Aerts and De Caluwe 1997a) . Increased nutrient supply may also affect the concentrations of secondary compounds such as lignin and phenolics in plant litter. These effects appear to be very species specific and unpredictable (Aerts and De Caluwe 1997a) , so no a priori predictions can be made about the effects of increased nutrient supply on this category of decomposition-regulating chemical compounds. It should be noted that all studies cited above are relatively short-term studies in which effects of fertilization on within-species litter chemistry are studied. Our study is rather unique in that we investigated the long-term effects of nutrient additions on the litter chemistry of the plant community as a whole.
The almost complete lack of response of litter chemistry to increased N supply may be due to the high atmospheric N deposition in the Netherlands, which amounts to ϳ3-4 g N·m Ϫ2 ·yr Ϫ1 for low-canopy vegetation like grasslands. These fluxes are at least twice as high as those in many other countries (Bobbink et al. 1998 ) and may have increased ecosystems insensitivity to additional N inputs.
Another explanation for the lack of litter chemistry response may be that the N treatments did affect the relative species abundance in the plots (Table 1) . This was most pronounced in the riparian grassland, where increased nitrogen supply resulted in a complete disappearance of all the legumes and a strong increase of the grasses. As grasses have lower N concentrations than herbaceous species, particularly legumes ( Thompson et al. 1997, Aerts and Chapin 2000) this change in species composition could have reduced the effects of increased N supply on N concentrations in bulk plant litter. Other authors have also emphasized that experimental manipulations (such as increased temperature and increased N supply) may lead to shifts in species composition (Wookey et al. 1993 , 1994 , Chapin et al. 1995 , which in turn have significant indirect effects on decomposition rates through effects on the chemical composition of the bulk litter (Shaver and Chapin 1991 , Cornelissen 1996 , Hobbie 1996 , Shaw and Harte 2001 .
In our study, variation in litter chemistry was mainly confined to phenolics and P. The site-level variation in phenolics concentrations could be attributed to differences in plant functional types (Table 1 ). The riparian grassland is dominated by herbaceous species and grasses, whereas the peat grassland is dominated by Carex species and different grass species that have high concentrations of phenolics. Nutrient additions did not affect these concentrations in the bulk litter. Since phenolics are already constitutively high in the species mixture of the peat grassland they are insensitive to nutrient additions. In a previous study in fens, however, we found that the concentration of phenolics in Carex species did change in some, but not all, species in response to additional nutrient supply (Aerts and De Caluwe 1997a) . The variation in P-related litter chemistry parameters was mainly the result of strong differences between the soil P status of the two sites. This difference was partly alleviated through the treatments. For example, the P concentration in litter of the P treatment of the P-deficient peat grassland was equal to the P concentration in the control of the P-rich riparian grassland. Nevertheless, this did not lead to higher decomposition rates (Table 6 ), suggesting that the microbial decomposers were not P limited. A similar phenomenon was observed by Hobbie and Vitousek (2000) , who showed that fertilization of nutrient-deficient sites in Hawaii led to similar litter nutrient concentrations compared to controls in nutrient-rich sites without leading to similar decomposition rates. These results suggest that in some ecosystems the constitutive (secondary) litter chemistry of the bulk litter of the plant community outweighs the effects of experimentally applied inorganic N and P.
Litter chemistry and litter decomposition
While the experimental nutrient inputs did not influence litter chemistry in the way we had predicted, we found both in the laboratory incubations and in the litter bag study in the field consistent and strong correlations between litter mass loss and litter chemistry (Table 5 ). The main determinant of litter mass loss rates was the concentration of phenolics in the litter, especially during the first year of the study. These phenolics, which can serve as antiherbivory defenses (Grime et al. 1996, Cornelissen and , may precipitate proteins before they can be hydrolyzed by decomposer microbes. Such condensation reduces N availability to decomposers and may therefore retard decomposition rates (Hättenschwiler and Vitousek 2000) .
The second strongest chemical determinant of litter decomposition rates was the P concentration in the litter (and the other P-related litter chemistry parameters). In the peat grassland control plots the N:P ratio of the bulk litter was 30, which is far above the optimal ratio (10-15) for bacterial and fungal growth (Cadisch and Giller 1997) . This relative deficiency of P in the litter might increase the importance of P and decrease the importance of N as a control of initial litter decay (cf. Melillo et al. 1982 , Taylor et al. 1989 , Aerts and De Caluwe 1997a , Hobbie and Vitousek 2000 . This strong P control of litter decomposition was not only caused by great absolute differences in P availability between the two sites, but was probably augmented by the high atmospheric N deposition in the Netherlands. One of the results of this high external N supply is that the N: P mass ratio of dominant plant species in most Dutch ecosystems is between 20 and 30. This considerably exceeds the optimal N:P ratio for bacterial and fungal growth. In a decomposition study in the central part of the Netherlands, Van Vuuren et al. (1993) even found N:P ratios of 100 in leaf litter of the evergreen dwarfshrub Erica tetralix. This implies that these substrates have a relative shortage of P for decomposers. This relative shortage of P as a result of high external N input most certainly also occurred in the peat grassland, but not in the riparian grassland where external P inputs by flooding are high and can compensate stoichiometrically for high N deposition rates.
Lignin concentrations did not differ statistically between the two sites (Table 3) , and we found only weak relationships between lignin concentrations in the litter and decomposition rates (Table 5) . This is consistent with the results from a review of 96 temperate zone decomposition experiments where only a relationship with litter N concentration was found (Aerts 1997) . However, despite this lack of a general relationship, it is of course possible that in specific studies litter decomposition is strongly controlled by variation in lignin concentrations (e.g., Meentemeyer 1978 , Melillo et al. 1982 , Berg et al. 1993 . Moreover, in our study lignin concentrations were generally low (between 3 and 8%) and did not differ among sites and treatments, so it is not likely in this case that a relation between lignin concentration and decomposition rates would be found.
Nutrient addition effects on carbon losses through the decomposition process
Carbon losses through the decomposition process are determined by both litter decomposition rate per unit litter mass and by the amount of litter produced. Nutrient addition did not lead to changes in decomposition rates per unit litter mass (Table 6 ). Thus, constitutive differences in litter chemistry, here reflected in conspicuous differences in phenolics concentrations and P-related litter chemistry parameters, are far more important determinants of decomposition rates than external nutrient inputs applied as the litter decays.
The effect of nutrient addition on litter production is determined by the type of nutrient limitation of the ecosystem under study (Aerts and Chapin 2000) . In mature ecosystems, litter production generally equals NPP. However, perturbations (such as additional nutrient inputs) may lead to transient changes in soil carbon accumulation rates due to differential effects on NPP and decomposition. A complicating factor is that nutrient limitation of decomposition cannot be predicted from nutrient limitation of NPP: at our study sites, potential litter production increased after enhanced N supply in the N-limited riparian grassland (Table 1 ), but decomposition rates did not change (Table 6). All other things being equal, this would lead to greater carbon losses from litter decomposition from this system as a result of nutrient addition, but not due to increase in decay on a mass basis. We found a similar pattern during our studies on nutrient limitation and litter decomposition in Swedish peat bogs (Aerts et al. 1992 (Aerts et al. , 2001 : in a bog in northern Sweden increased N supply resulted in a higher NPP, whereas decomposition rates were not affected by higher N input. In a bog in southern Sweden we found that increased P supply led to higher NPP, whereas decomposition rates did not change. We also found in a study with four Carex species (Aerts and De Caluwe 1994, 1997a ) that for all DECOMPOSITION IN GRASSLANDS species NPP increased after enhanced N supply, whereas for only two of these species litter decomposition rates increased in response to increased N. A similar discrepancy between nutrient limitation of NPP and (the absence of) nutrient limitation during decomposition was found by Hobbie and Vitousek (2000) in Hawaiian forests. These studies show that decomposition is much less responsive to nutrient additions than NPP. This is probably because constitutive secondary compounds in plants only have a marginal effect on plant growth rates (Poorter and De Jong 1999) , but can have a significant effect on litter decomposition rates and thereby reduce potential effects of increases in nutrient availability.
In conclusion, our study shows that in these grasslands litter decomposition is more strongly controlled by initial plant community litter quality than by nutrient additions. Moreover, in these ecosystems nutrient-induced changes in ecosystem carbon losses due to litter decomposition would mainly be determined by changes in the amount of litter produced and not by changes in decomposition rates. This suggests that studies of the effects of nutrient addition on carbon losses from ecosystems should focus more on the effects on litter production than on the effects on decomposition rates.
